Flooding and drought are disadvantageous environmental conditions that induce cytosolic calcium in soybean. To explore the effects of flooding-and drought-induced increases in calcium, a gel-free/label-free proteomic analysis was performed. Cytosolic calcium was decreased by blocking calcium channels in the endoplasmic reticulum (ER) and plasma membrane under both stresses. Calnexin, protein disulfide isomerase, heat shock proteins and thioredoxin were predominantly affected as the ER proteins in response to calcium, and ER-associated degradation-related proteins of HCP-like superfamily protein were up-regulated under stress exposure and then down-regulated. Glycolysis, fermentation, the tricarboxylic acid cycle and amino acid metabolism were mainly induced as the types of cellular metabolism in response to calcium under both stresses. Pyruvate decarboxylase was increased and decreased under flooding and drought, respectively, and was further decreased by the reduction of cytosolic calcium; however, it was recovered by exogenous calcium under both stresses. Furthermore, pyruvate decarboxylase activity was increased under flooding, but decreased under drought. These results suggest that calcium is involved in protein folding in the ER, and ER-associated degradation might alleviate ER stress during the early stage of both stresses. Furthermore, calcium appears to modify energy metabolism, and pyruvate decarboxylase may be a key enzyme in this process under flooding and drought.
Introduction
The frequency and magnitude of hydrological fluctuations associated with natural and human-induced climate change affect the severity of several abiotic stressors, particularly flooding and drought (Fukao et al. 2011) . These abiotic stressors negatively affect the growth and productivity of agricultural crops throughout the world (Hashiguchi et al. 2010) . Among major legume crops, soybean, which is utilized as a nutrient source for both humans and animals (Messina 1999) , is intolerant to flooding (Khatoon et al. 2012 ) and drought (Mohammadi et al. 2012) . The weight of the root, hypocotyl and leaf of soybean seedlings was decreased in response to flooding (Khatoon et al. 2012 ) and drought (Mohammadi et al. 2012) . Furthermore, in seedlings exposed to the same duration of flooding and drought, different morphological characteristics of roots were observed (Oh and Komatsu 2015) . These findings indicate that root growth is suppressed in response to these stresses and that the stress sensitivity of soybean might be different after exposure to flooding or drought.
Calcium is an important secondary messenger playing vital roles in stress signaling, and the increased cytosolic calcium caused by adverse environments triggers downstream responses to cope with the stresses (Huda et al. 2013 , Zhu et al. 2013 . The calcium signaling pathways involve calcium sensors and several downstream factors, such as calmodulin (Harmon et al. 2000) , calcineurin B-like proteins (Luan et al. 2002) and calcium-dependent protein kinases (Zhu et al. 2007 ). Exogenous calcium enhanced root elongation and suppressed cell death in the root tip under flooding (Oh et al. 2014 ). In addition, calcium played roles in photosynthesis and antioxidant responses to drought (Xu et al. 2013) . In soybean root tip, cytosolic calcium content was increased in response to flooding and drought . Based on these findings, further studies are necessary to examine the effects of calcium on the soybean root tip under flooding and drought.
Metabolic regulation was activated in plants in response to stress conditions. It was reported that energy sensor Snf1-related protein kinase 1, the metabolic master regulator in eukaryotic cells, played a modulatory role in plant hypoxia adaptation and salt tolerance (Im et al. 2014 ). Calcium was not only associated with the endoplasmic reticulum (ER) function in plants under stress conditions Komatsu 2016, Liu et al. 2011 ), but also participated in metabolic regulation in plants. For example, calcium was involved in the regulation of aquaporins, which played key roles in hydraulic mediation in response to flooding and drought stimuli (Maurel et al. 2015) . Calcium-dependent mitochondrial carriers functioned as mitochondrial ATP importers to balance the loss of mitochondrial oxidative phosphorylation during hypoxia conditions (Stael et al. 2011) . Calcium transporter systems and in particular calcium/proton exchanger 11 mediated calcium homeostasis under hypoxia in Arabidopsis (F. . Exogenous calcium improved metabolism and ion transport to increase hypoxia tolerance in cucumber under hypoxia (He et al. 2015) . These findings indicate the versatile roles of calcium in plants under stress conditions, while the metabolic regulation induced by drought stress is limited.
Disruption of calcium homeostasis in the ER affected protein folding in the calnexin cycle and reduced the accumulation of glycoproteins in soybean exposed to flooding and drought . To better understand the responsive mechanisms in soybean related to calcium effects in the ER and the systems plants used to alleviate ER stress under flooding and drought, a gel-free/label-free proteomic technique was used. To regulate calcium content, 2-aminoethoxydiphenyl borate (2-APB) was used to inhibit the inositol trisphosphate receptor, which is a gated calcium channel in the ER (Parre et al. 2007 , Healy et al. 2012 , and LaCl 3 was used to block Ca 2+ -ATPase in the plasma membrane Heath 1998, Chung et al. 2000) . Bioinformatic, transcriptional and biochemical analyses were further conducted to determine the function of the flooding-and drought-responsive proteins identified in proteomics.
Results

Effects of 2-APB and LaCl 3 on calcium content under flooding and drought
To investigate the effects of flooding and drought on soybean morphology, seeds were germinated for 3 d without or with 1 d flooding or drought stress (Fig. 1) . The fresh and dry weight of plants, and the fresh weight and length of roots including the hypocotyl were examined as morphological parameters (Fig. 2) . Compared with 3-day-old non-stressed soybean, the fresh weight of plants did not change upon exposure to flooding or drought; however, the dry weight of plants was reduced under both stresses (Fig. 2) . Notably, drought had more serious effects on the fresh weight of plants than flooding. In addition, the fresh weight and length of the root including the hypocotyl were suppressed under flooding, but the length was increased in response to drought exposure (Fig. 2) . Because plant morphology was affected by flooding and drought stresses at an early stage of development, 3-day-old soybeans were used in the following experiments (Fig. 1) .
As cytosolic calcium content was reportedly increased in the root tip of soybean under flooding and drought , the source of increased calcium under these abiotic stresses was examined here using 2-APB and LaCl 3 . Soybean seeds were germinated for 2 d without or with treatment by 2-APB and LaCl 3 , and the 2-day-old soybeans were then exposed to flooding or drought for 1 d before the root tips were collected. In the absence of chemical treatment, calcium content was increased in soybeans under both stresses compared with non-stressed plants. Calcium content was not increased in soybeans treated with 2-APB under flooding compared with non-treated soybeans without stresses. Moreover, the calcium level did not change with LaCl 3 treatment under flooding and drought conditions compared with non-stressed plants (Fig. 3) . Because the calcium content was not increased by the chemical treatment under both stresses, 2-APB and LaCl 3 were used to regulate the cellular calcium level in the following experiments.
Effects of chemical treatment on gene expression of calcium-related proteins under flooding and drought
Because cytosolic calcium was increased in soybean under flooding and drought , genes related to calcium homeostasis were examined. Inositol trisphosphate, which was phosphorylated by inositol 1,3,4-trisphosphate 5/6 kinase, mediated calcium release from the ER . Ca 2+ -transporting ATPase in the plasma membrane was decomposed by LaCl 3 (Carafoli 1991) . Gene expression of inositol 1,3,4-trisphosphate 5/6 kinase and Ca 2+ -transporting ATPase was examined to determine the effects of 2-APB and LaCl 3 on calcium. Soybean seeds were germinated for 2 d without or with treatment with 2-APB, LaCl 3 or EGTA, and the 2-day-old soybeans were then exposed to flooding or drought for 1 d before the root tips were collected. The gene expression of inositol 1,3,4-trisphosphate 5/6-kinase family protein was up-regulated and down-regulated without chemical treatment under flooding and drought, respectively, compared with non-stressed soybeans, and was found to be down-regulated by chemical treatment compared with untreated soybeans under flooding conditions. Ca 2+ -transporting ATPase was up-regulated without chemical treatment under drought conditions (Fig. 4) . The obtained quantitative reverse transcription-PCR (qRT-PCR) products were analyzed by agarose gel electrophoresis and the sizes were as expected (Supplementary Table S1 ; Supplementary Fig. S1 ). These results indicated that the increased cytosolic calcium might be released from the ER under flooding or from the outside of the plasma membrane under drought in plants.
Effects of chemical treatment on gene expression and protein abundance of calnexin under flooding and drought
The ER is involved in protein folding through the calnexin cycle (Healy et al. 2012) , and calnexin was previously found to be decreased in the root tip of soybean exposed to flooding and drought for 2 d . To examine the effects of calcium content on calnexin under flooding and drought, the gene expression and protein abundance of calnexin were examined. Soybean seeds were germinated for 2 d without or with treatment with 2-APB, LaCl 3 or EGTA, and were then exposed to flooding or drought for 1 d before the root tips were collected. Calnexin was down-regulated without chemical treatment under both stresses compared with nonstressed soybeans, and was down-regulated by 2-APB and LaCl 3 compared with untreated soybeans under both stresses (Fig. 5A) . In addition to calnexin, calreticulin 3 and protein disulfide isomerase (PDI)-like 1,1 were down-regulated without chemical treatment under flooding compared with non-stressed soybeans ( Supplementary Fig. S2 ). All qRT-PCR products were examined by agarose gel electrophoresis and confirmed to be of the expected sizes (Supplementary Table S1 ; Supplementary Fig. S1 ). The effects of calcium content on calnexin abundance were also examined, but the abundance of calnexin did not change without or with chemical treatment in the control or flooding-or drought-stressed plants ( Fig. 5B ; Supplementary Fig. S3 ). Different changes of calnexin were observed at the mRNA and protein levels probably because of multiple isoforms of calnexin in soybean genome and continued protein accumulation during stress exposure.
Effects of chemical treatment and stress duration on gene expression of ER stress-related proteins under flooding and drought
To determine the effects of calcium content on ER stress, gene expression of HCP-like superfamily protein and GRP78/luminal binding protein (BiP), which are involved in the ER-associated degradation and unfolded protein response, was analyzed. Soybean seeds were germinated for 2 d without or with treatment with 2-APB, LaCl 3 or EGTA, and the 2-day-old soybeans were then exposed to flooding or drought for 1 d before the root tips were collected. The gene expression of HCP-like superfamily protein was up-regulated without chemical treatment under flooding compared with non-stressed soybeans, but was down-regulated by 2-APB compared with untreated soybeans under both stresses (Fig. 6A) . GRP78/BiP was down-regulated without chemical treatment under both stresses compared with non-stressed plants (Fig. 6A) . Because the expression of these ER stress-related genes was affected under both stresses, temporal gene expression was analyzed in more detail. HCP-like superfamily protein was up-regulated on the first day of exposure to both flooding and drought (Fig. 6B) . GRP78/BiP was significantly down-regulated after 1 d of flooding and after 3 d Fig. 1 Experimental design to examine calcium effects in soybean under flooding and drought. Two-day-old soybeans were exposed to flooding or drought for 1 d and morphological changes of 3-day-old soybeans were examined. Soybean seeds were allowed to germinate for 2 d without or with treatment with 2-APB, LaCl 3 , EGTA or CaCl 2 . Root tips of 3-day-old soybeans with or without chemical treatment were collected for calcium content, gene expression, immunoblot and proteomic analyses. Two-day-old soybeans without chemical treatment were exposed to flooding or drought for 1, 2, 3 and 4 d, and root tips were collected for gene expression and enzyme activity analyses.
of drought (Fig. 6B) . All qRT-PCR products were confirmed by agarose gel electrophoresis to be of the expected sizes (Supplementary Table S1 ; Supplementary Fig. S1 ).
Calcium effects on the abundance of ER proteins under flooding and drought
To explore the effects of calcium on the responses of soybean to flooding and drought stresses, a gel-free/label-free proteomic technique was used. Soybean seeds were germinated for 2 d without or with treatment with 2-APB, LaCl 3 , EGTA or CaCl 2 , and the 2-day-old soybeans were then exposed to flooding or drought for 1 d before the root tips were collected for protein extraction and nanoliquid chromatography (LC)-mass spectrometry (MS)/MS analysis. Significantly changed proteins were examined with the criteria of >2 matched peptides and a P-value < 0.05. Without stress conditions, 389, 1,330, 814 and 863 proteins were identified in response to 2-APB, LaCl 3 , EGTA and CaCl 2 , respectively (Supplementary Tables S2-S5 ). Under flooding, 1,251, 1,685, 1,735, 1,309 and 1,441 proteins were identified in response to no treatment, 2-APB, LaCl 3 , EGTA and CaCl 2 , respectively (Supplementary Tables S6-S10).
Under drought, 950, 1,021, 1,535, 711 and 460 proteins were identified in response to no treatment, 2-APB, LaCl 3 , EGTA and CaCl 2 , respectively (Supplementary Tables S11-S15).
To examine the effects of 2-APB and LaCl 3 on ER function, the abundance of predicted ER proteins was compared between chemically treated and untreated soybeans (Supplementary Tables S16). Among the predicted ER proteins, calnexin, PDI-like proteins, heat shock proteins (HSPs) and thioredoxin family proteins were the most abundant. Cluster analysis of these abundant ER proteins was further performed to examine the protein abundance induced by 2-APB and LaCl 3 under flooding and drought (Fig. 7) . Under flooding, increased calnexin and PDI-like proteins were identified in the absence of chemical treatment. Calnexin and HSPs were decreased; however, PDI-like proteins were relatively unchanged or increased in soybeans with 2-APB treatment under flooding compared with untreated plants. Protein abundance of thioredoxin family proteins was decreased in flooded soybeans and it further declined with 2-APB or LaCl 3 treatment compared with untreated plants. Under drought, calnexin was increased in the absence of chemical treatment. The abundance of calnexin was increased and decreased by 2-APB and LaCl 3 , Fig. 2 Morphological changes in soybean exposed to flooding and drought. Two-day-old soybeans were exposed to flooding or drought for 1 d. Photographs of soybeans were taken under control, flooding (F) and drought (D). Non-stressed soybeans were collected as controls. Fresh weight of plant, fresh weight of root including hypocotyl, length of root including hypocotyl, and dry weight of plant were measured under each condition. Data are shown as the means ± SD from three independent biological replicates. Student's t-test was used for statistical analysis. Asterisks indicate the significance between 3-day-old soybeans without or with flooding or drought (*P < 0.05, **P < 0.01 and ***P < 0.001). Scale bar indicates 10 mm.
respectively, compared with no treatment. PDI-like proteins were decreased by 2-APB treatment under drought compared with untreated soybeans. HSPs were slightly increased by 2-APB compared with untreated soybeans under drought. In addition, more proteins were decreased in plants treated with LaCl 3 under both stresses compared with untreated soybeans (Fig. 7) .
Primary metabolic pathways related to calcium under flooding and drought
To determine the function of proteins that were responsive to chemical treatment, functional classification of identified proteins was performed using MapMan bin codes under control, flooding and drought (Supplementary Tables S2-S15 ). The fold change of protein abundance was visualized using MapMan software to examine the affected metabolisms . Proteins related to cell wall, lipid, secondary metabolism, minor carbohydrate metabolism, glycolysis, fermentation, the tricarboxylic acid (TCA) cycle, amino acid, oxidative pentose phosphate pathway, redox, photosynthesis, tetrapyrrole, N-metabolism, S-simulation and nucleotide differentially responded to calcium in the plants under different conditions . Out of these metabolisms, glycolysis, fermentation, the TCA cycle and amino acid metabolism were significantly induced by calcium content (Figs. 8, 9 ).
The effects of calcium on the ER and plasma membrane were examined using 2-APB and LaCl 3 . Under control conditions, 2-APB treatment suppressed the TCA cycle ( Fig.  8C ), whereas LaCl 3 enhanced amino acid metabolism (Fig.  8D ). Under flooding, 2-APB treatment suppressed the TCA cycle ( Fig. 8A , E) and LaCl 3 markedly suppressed fermentation compared with untreated soybeans (Fig. 8A, F) . Under drought, 2-APB and LaCl 3 significantly suppressed glycolysis and amino acid metabolism (Fig. 8B , G, H). The effects of cytosolic calcium were further examined using EGTA and CaCl 2 (Fig. 9) . Under control conditions, EGTA suppressed glycolysis, fermentation, the TCA cycle and amino acid metabolism ( Fig. 9C) , whereas CaCl 2 enhanced fermentation (Fig. 9D) . Under flooding, EGTA suppressed fermentation (Fig. 9A , E) compared with CaCl 2 (Fig. 9A, F) or no treatment. Under drought, EGTA suppressed glycolysis, the TCA cycle and amino acid metabolism (Fig. 9B , G), whereas CaCl 2 enhanced the TCA cycle, compared with untreated soybeans (Fig. 9B, H) .
The abundance of the most affected proteins in response to calcium under flooding and drought was examined. Under flooding, pyruvate decarboxylase 2 (Table 1, number 25) displayed the highest level; however, NADP malic enzyme 4 Fig. 3 Effects of 2-APB and LaCl 3 on calcium content in soybean under flooding and drought. Soybean seeds were germinated for 2 d without or with treatment with 2-APB or LaCl 3 . Two-day-old soybeans were exposed to flooding or drought for 1 d, and root tips were collected for the measurement of calcium content. Data are shown as means ± SD from three independent biological replicates. The Student's t-test was used for statistical analysis. Asterisks indicate a significant difference between 3-day-old soybeans treated without or with 2-APB or LaCl 3 and non-stressed soybeans without treatment under control, flooding and drought conditions (*P < 0.05, **P < 0.01, and ***P < 0.001). -transporting ATPase. The relative mRNA expression level was normalized against 18S rRNA. Data are shown as means ± SD from three independent biological replicates. Different letters indicate that the change is significant as determined by oneway ANOVA according to Tukey's multiple comparison test (P < 0.05).
( Calcium effects on the abundance of proteins related to glycolysis, fermentation, the TCA cycle and amino acid metabolism under flooding and drought Because glycolysis, fermentation, the TCA cycle and amino acid metabolism were altered in response to chemical treatment under both stresses (Figs. 8, 9 ), the effects of calcium on protein abundance of these categories were further analyzed. A total of 47 proteins were determined to be calcium responsive under flooding and drought (Table 1) . Of these 47 proteins, 36 were mapped to glycolysis, fermentation, the TCA cycle and amino acid metabolism against the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Fig. 10) .
Among the identified proteins, pyruvate decarboxylase, ATP citrate lyase, isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase were changed in response to calcium content under both flooding and drought stresses. The level of pyruvate decarboxylase was the most changed and was found to have markedly increased and decreased in untreated plants under flooding and drought, respectively, compared with nonstressed plants. Under flooding and drought stresses, pyruvate decarboxylase was decreased in plants treated with 2-APB and LaCl 3 , but increased by CaCl 2 , compared with untreated soybeans. ATP citrate lyase was decreased and increased in untreated plants under flooding and drought, respectively, compared with non-stressed plants. The same tendency to change of ATP citrate lyase was further induced by 2-APB treatment under flooding and drought compared with no treatment. Isocitrate dehydrogenase was decreased without chemical treatment under both stresses compared with nonstressed soybeans. 2-Oxoglutarate dehydrogenase was increased without chemical treatment under both stresses compared with non-stressed soybeans, but decreased and increased in response to 2-APB treatment under flooding and drought, respectively, compared with untreated soybeans (Fig. 10) .
Furthermore, the abundance of several other proteins, including aconitase, succinate dehydrogenase and asparate aminotransferases, was altered in soybeans under flooding or drought. Under flooding, succinate dehydrogenase was decreased without chemical treatment compared with nonstressed soybeans, but increased by 2-APB and EGTA compared with untreated soybeans. Aspartate aminotransferases were slightly increased without chemical treatment, but increased by 2-APB and EGTA treatment compared with untreated soybeans under flooding. Under drought, aconitase was slightly decreased without chemical treatment compared with nonstressed soybeans (Fig. 10) .
The abundance of proteins related to glycolysis was significantly altered in soybeans exposed to flooding. Under flooding, phosphofructokinase was decreased, whereas enolase and pyruvate kinase were increased in the absence of chemical treatment compared with non-stressed soybeans. In contrast, the abundance of phosphofructokinase was increased by 2-APB, whereas that of enolase was decreased by 2-APB and LaCl 3 compared with untreated soybeans under flooding. Pyruvate kinase was slightly decreased by 2-APB, LaCl 3 and EGTA, but increased by CaCl 2 compared with untreated soybeans under flooding. Furthermore, the abundance of proteins related to amino acid metabolism was decreased without chemical treatment compared with non-stressed soybeans, but exhibited variable changes in response to chemical treatment compared with untreated soybeans under flooding (Fig. 10) . Soybean seeds were germinated for 2 d without or with 2-APB, LaCl 3 or EGTA treatment, and the 2-day-old soybeans were exposed to flooding or drought for 1 d before the collection of root tips (A and B). qRT-PCR was performed for calnexin, and the relative mRNA expression level was normalized against 18 S rRNA (A). Immunoblot analysis was performed for calnexin using anti-calnexin antibody, and relative protein abundance was compared with untreated soybeans without stresses (B). Data are shown as means ± SD from three independent biological replicates. Different letters indicate that the change is statistically significant as determined by one-way ANOVA according to Tukey's multiple comparison test (P < 0.05).
Effects of flooding and drought on pyruvate decarboxylase activity
The abundance of pyruvate decarboxylase was increased and decreased under flooding and drought, respectively, and was markedly affected by calcium content (Figs. 10, 11A ; Table 1 ). To characterize further the properties of pyruvate decarboxylase in soybeans under flooding and drought, temporal changes in enzyme activity were examined (Fig. 11B) . Two-day-old soybeans were exposed to flooding or drought for 1, 2, 3 and 4 d, and the root tips were collected for pyruvate decarboxylase activity analysis. Pyruvate decarboxylase activity was observed to decrease in 5-day-old soybeans under control conditions, but gradually increased during the 4 d of flooding stress. In contrast, pyruvate decarboxylase activity was continuously decreased under drought conditions (Fig. 11B) .
Discussion
Calcium is involved in ER function in soybean root tip under flooding and drought Because the cytosolic calcium content was reportedly increased in the root tip of soybean under flooding and drought , the source of the increased cytosolic calcium was examined in the present study using 2-APB and LaCl 3 . 2-APB functions as a non-competitive antagonist of inositol trisphosphate receptor in the ER (Prakriya and Lewis 2001, Healy et al. 2012) and LaCl 3 is a blocker of Ca 2+ -ATPase activity in the plasma membrane Heath 1998, Chung et al. 2000) . Treatment with 2-APB and LaCl 3 did not increase calcium elevation in the cytosol under both stress conditions in soybean (Fig. 3) , suggesting that calcium might be released from the ER or from the outside of the plasma membrane, in response to flooding or drought stress. Because the disruption of calcium homeostasis was associated with protein folding and ER stress ), a gel-free/label-free proteomic technique was used to explore the effects of calcium on ER function under flooding and drought.
In response to ER stress, ER-associated degradation and unfolded protein response are activated (Howell 2013) . HCP-like superfamily protein was up-regulated and down-regulated during the early and late stages, respectively, of flooding and drought, whereas GRP78/BiP was down-regulated in the early stage of both stresses (Fig. 6) . HCP-like superfamily protein is a homolog of Arabidopsis HRD3A, which was a component of the ER-associated degradation complex . HCP- Fig. 6 Gene expression of ER stress-related proteins in soybean under flooding and drought. Soybean seeds were germinated for 2 d without or with treatment with 2-APB, LaCl 3 or EGTA, and the 2-day-old soybeans were exposed to flooding or drought for 1 d before the collection of root tips (A). Two-day-old soybeans were exposed to flooding or drought for 1, 2, 3 and 4 d, and root tips were collected (B). qRT-PCR was performed for HCP-like superfamily protein and GRP78/BiP (A and B). Relative mRNA expression level was normalized against 18S rRNA. Data are shown as means ± SD from three independent biological replicates. Different letters indicate that the change is statistically significant as determined by one-way ANOVA according to Tukey's multiple comparison test (P < 0.05).
like superfamily protein was reportedly increased in root tip of soybean under flooding . In Arabidopsis, ER-associated degradation was involved in salt stress response , and impairment of HRD3A altered the unfolded protein response and increased plant sensitivity to salt stress ). GRP78/BiP, which is an HSP homolog, has multiple roles in the ER, including ER-associated folding, ER-associated degradation and unfolded protein response (Healy et al. 2012) . Taken together, these findings indicate that HCP-like superfamily protein is a component of the ER-associated degradation complex in soybean and may alleviate ER stress in root tip during the early stage of flooding as well as osmotic stress caused by drought.
Calnexin was increased in root tips of soybean exposed to flooding and drought for 1 d ( Fig. 7; Supplementary Table S16 ). Calnexin, which is an ER-localized protein involved in protein folding and quality control (Bergeron et al. 1994) , was reportedly increased in root including the hypocotyl of earlystage soybean in the first day of flooding stress (Nanjo et al. 2010 ). When exposed to flooding for 2 d, decreased calnexin was reported in the flooded soybeans ); however, it was increased in the flooding-tolerant mutant plants (Yin et al. 2016) . Calnexin was decreased in soybean exposed to drought for 2 d , and heterogenous expression of OsCNX in tobacco enhanced germination under mannitol stress (Sarwat and Naqvi 2013) . Taken together, these results suggest that increased calnexin might maintain protein synthesis in the root tip of soybean during the early stage of flooding and drought.
The ER regulates protein folding and assembly of multimeric proteins through an array of chaperones, including calnexin, PDI and HSPs (Healy et al. 2012 ). The accumulation of unfolded or misfolded proteins under adverse environmental conditions leads to ER stress (Vitale and Boston 2008) . In the present study, the treatment with 2-APB resulted in decreased and increased levels of calnexin/HSPs under flooding and drought, respectively, and slightly increased the abundance of PDI-like proteins under flooding ( Fig. 7 ; Supplementary Table S16). 2-APB inhibited calcium release induced by inositol trisphosphate in animals (Maruyama et al. 1997 ) and mediated ER calcium in fungi (Silverman-Gavrila and Lew 2001) and plants . Calnexin, together with PDI-like proteins and HSPs, was involved in protein folding under flooding and drought, respectively . The present results combined with previous findings suggest that calcium might be increased in the ER to mediate protein folding and that the reduction of calcium in the cytosol may reduce ER stress under drought.
Calcium is associated with energy supply in soybean root tip exposed to flooding and drought In response to changes in the calcium content, the abundance of several proteins involved in the primary metabolic pathways of glycolysis, fermentation, the TCA cycle and amino acid metabolism was affected differentially under flooding and drought (Figs. 8-10 ). Proteins involved in glycolysis were increased and responded to changes in calcium level under flooding (Fig. 10) . Genes associated with glycolysis were repressed or unchanged in potato exposed to drought (Watkinson et al. 2008 ), but induced, as found in the present study, in response to flooding stress in soybean (Nanjo et al. 2011) . Various glycolysis-related proteins were increased in flooded soybean exposed to aluminum oxide nanoparticles (Mustafa et al. 2015) , and enhanced glycolytic activity was required for mediating waterlogging tolerance in mung bean (Sairam et al. 2009 ). Additionally, disruption of calcium homeostasis in the ER reduced the accumulation of glycoproteins under flooding and drought , whereas glycoproteins involved in glycolysis were activated in response to flooding stress (Mustafa and Komatsu 2014) . Taken together, the present and previous findings suggest that calcium in the ER is involved in glycolysis and that increased glycolytic activity might be required to meet the energy demand during the early stage of flooding. Fig. 7 Heat map of the abundant ER proteins induced by chemical treatment in soybean under flooding and drought. Soybean seeds were germinated for 2 d without or with treatment with 2-APB or LaCl 3 , and the 2-day-old soybeans were exposed to flooding or drought for 1 d before the collection of root tips. Proteins were extracted from the root tips and analyzed using nanoLC-MS/MS. Localization of the identified proteins was performed using the SUBA3 intracellular targeting prediction program. Out of all the ER proteins (Supplementary Table S16), the abundant ER proteins including calnexin, protein disulfide isomerase (PDI)-like proteins, heat shock proteins (HSPs) and thioredoxin family proteins were subjected to cluster analysis. Black lines denote these abundant ER proteins based on the logarithmic values of protein abundance. Green and red colors indicate a decrease and increase, respectively, in the log 2 ratio compared with 3-day-old untreated soybeans without stresses.
The present finding that proteins involved in the TCA cycle were modulated in response to calcium in the ER was not unexpected, as 2-APB reduced the extent of mitochondrial calcium uptake (Peppiatt et al. 2003) . Notably, isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase were decreased and increased in soybean root tip under flooding and drought, respectively (Fig. 10) . In the TCA cycle, isocitrate dehydrogenase catalyzes the conversion of 2-oxyglutarate to isocitrate (Bailey-Serres and Voesenek 2008), and 2-oxoglutarate dehydrogenase is involved in the conversion of 2-oxoglutarate to succinate (Hassel et al. 1998 ). g-Aminobutyrate metabolism was a functional by-pass of 2-oxoglutarate to succinate of the TCA cycle in plants ( Studart-Guimarães et al. 2007 ). g-Aminobutyrate accumulated in soybean under flooding (Komatsu et al. 2011a ) and drought (Serraj et al. 1998 ). In addition, succinate accumulated in response to flooding in soybean (Komatsu et al. 2011a ) and salt exposure in tobacco ). These findings indicate that the balance between succinate and g-aminobutyrate levels might play a key role in energy replenishment in response to the depleted energy production induced by flooding and drought in soybean.
The abundance and activity of pyruvate decarboxylase were increased under flooding or decreased under drought (Figs. 10,  11 ), but the abundance was decreased and increased following treatment with 2-APB and CaCl 2 , respectively, under flooding and drought conditions (Figs. 10, 11) . Pyruvate decarboxylase and alcohol dehydrogenase are key fermentative enzymes under flooding (Komatsu et al. 2011b) and are involved in drought adaptation (Ranjan et al. 2012 ). The energy sensor Snf1-related protein kinase 1 underwent activation under hypoxia-inducible energy deprivation (Fragoso et al. 2009 ). Faster pyruvic acid consumption was reported in control plants compared with plants under extended dark conditions, which was validated with significant alterations in the pyruvate dehydrogenase complex activity (Nägele et al. 2014) . Calcium transients were required for alterations in gene expression enhancing fermentation and ATP management under stress (Bailey-Serres and Voesenek 2008) . In root of flooded cucumber, up-regulated gene expression and increased protein abundance of pyruvate decarboxylase were further induced by exogenous calcium application (He et al. 2012) . Taken together, these findings suggest that pyruvate decarboxylase responds to calcium and may be a key enzyme for switching energy metabolism in the root tip of soybean under flooding and drought stresses.
In conclusion, the present study investigated calcium effects on the ER function and cellular metabolism of soybean in response to flooding and drought stresses. The main findings of Fig. 8 Abundances of proteins identified in soybean treated without or with 2-APB and LaCl 3 under flooding and drought. Soybean seeds were germinated for 2 d without or with treatment with 2-APB or LaCl 3 , and the 2-day-old soybeans were exposed to flooding or drought for 1 d before root tips were collected for protein extraction. The fold change of proteins grouped into functional categories related to primary metabolism was visualized using MapMan software ( Supplementary Figs. S4-S6 ). The functional categories of the primary metabolic pathways of glycolysis, fermentation, the tricarboxylic acid (TCA) cycle and amino acid metabolism are shown. Each square and color indicates the fold change value of a differentially changed protein. Green and red colors indicate a decrease and increase, respectively, in fold change values compared with 3-day-old untreated soybeans without stresses. the present study are as follows: (i) 2-APB and LaCl 3 effectively inhibited the elevation of cytosolic calcium in soybean root tip under both flooding and drought stresses; (ii) calnexin, PDI-like proteins, HSPs and thioredoxin family proteins were affected as abundant ER proteins in response to altered calcium levels under both stresses; (iii) HCP-like superfamily protein responded to calcium and was up-regulated upon 1 d exposure to both stresses; (iv) glycolysis, fermentation, the TCA cycle and amino acid metabolism were altered as the main cellular metabolisms in response to calcium levels under both stresses; (v) pyruvate decarboxylase increased in abundance in response to flooding and decreased under drought, and exhibited increased abundance in response to increased cytosolic calcium; and (vi) the enzyme activity of pyruvate decarboxylase was increased and decreased under flooding and drought, respectively. Collectively, these findings indicate that calcium is involved in ER function and that ER-associated degradation might eliminate ER stress during the early stage of both stresses. In addition, calcium appears to play roles in energy production in soybean root tip exposed to flooding and drought, and pyruvate decarboxylase may be a key enzyme for modifying energy metabolism in response to these abiotic stresses.
Materials and Methods
Chemicals 2-APB (Sigma-Aldrich) and LaCl 3 (Wako) were separately dissolved in ethanol to prepare 100 mM stock solutions. EGTA (Sigma-Aldrich) and 500 mM CaCl 2 (Wako) were separately dissolved in water to prepare 500 mM stock solutions. Working solutions of 0.1 mM 2-APB , 0.1 mM LaCl 3 (Maintz et al. 2014) , 1 mM EGTA ) and 1 mM CaCl 2 were used in the experiments.
Plant material and treatment
Soybean (Glycine max L. cultivar Enrei) was used as plant material in this study. The seed surface was sterilized with 3% sodium hypochlorite solution, rinsed with water and then was sown in 500 ml of silica sand. The silica sand was wetted with 150 ml of 0.1 mM 2-APB, 0.1 mM LaCl 3 , 1 mM EGTA, 1 mM CaCl 2 or water (untreated). Soybean seedlings were grown in a growth chamber illuminated with white fluorescent light (160 mmol m -2 s -1
, 16 h light period/ day) at 25 C. Two-day-old soybeans were exposed to flooding or drought by adding 700 ml of excess water or withholding water, respectively, for 1 d. Nonstressed soybeans were collected as controls. Root tips of 3-day-old soybeans were collected. In a time-dependent experiment, 2-day-old soybeans were exposed to flooding or drought for 1, 2, 3 and 4 d, and the 5 mm sections of the end of the root were collected as root tip samples (Fig. 1) . Three independent experiments were performed as biological replicates for all experiments. Biological replicates mean that soybeans were sown on different days. Fig. 9 Abundances of proteins identified in soybean treated without or with EGTA and CaCl 2 under flooding and drought. Soybean seeds were allowed to germinate for 2 d without or with treatment with EGTA or CaCl 2 . Two-day-old soybeans were exposed to flooding or drought for 1 d, and root tips were collected for protein extraction. The fold change of proteins grouped into functional categories related to primary metabolism was visualized using MapMan software ( Supplementary Figs. S4-S6 ). The functional categories of the primary metabolic pathways of glycolysis, fermentation, the tricarboxylic acid (TCA) cycle and amino acid metabolism are shown. Each square and color indicates the fold change value of a differentially changed protein. Green and red colors indicate a decrease and increase, respectively, in fold change values compared with 3-dayold untreated soybeans without stresses. 
Calcium content analysis
A portion (0.1 g) of root tips was ground with a mortar and pestle in calcium extraction buffer, consisting of 50 mM phosphate-buffered saline (pH 7.5), and the resulting homogenates were centrifuged at 12,000 Â g for 15 min at 4 C. The supernatant was collected for calcium quantification using a Calcium Colorimetric Assay Kit (Sigma-Aldrich). The absorbance was measured at 575 nm and calcium content was quantified based on standard curves generated by calcium solutions with known concentrations. The calcium content was determined as mmol g -1 protein to minimize the effect of sample variance during extraction process.
Protein extraction for proteomic, enzymatic and immunoblotting analyses
For proteomic analysis, a portion (0.5 g) of root tips was ground to powder in liquid nitrogen with a mortar and pestle. Protein extraction was conducted as described by Komatsu et al. (2013) . The supernatant was collected as a protein extract sample.
For enzyme activity analysis, a portion (0.1 g) of root tips was ground with a mortar and pestle in enzyme extraction buffer, consisting of 50 mM HEPESNaOH (pH 7.5), 1 mM phenylmethylsulfonyl fluoride, 0.1% Triton X-100, 5 mM MgCl 2 , 1 mM dithiothreitol, 2% polyvinylpyrrolidone-40 and 1 mM EDTA. The homogenates were sonicated for 20 min in cold water and centrifuged at 15,000 Â g for 20 min at 4 C. The supernatant was collected as a protein extract sample. For immunoblot analysis, a portion (0.1 g) of root tips was ground with a mortar and pestle in SDS-sample buffer, consisting of 60 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol and 5% 2-mercaptoethanol (Laemmli 1970) . The suspension was centrifuged at 20,000 Â g for 20 min and the obtained supernatant was collected as a protein extract sample. 
Measurement of protein concentration
For calcium content, proteomic and enzymatic analyses, protein concentration was determined using the Bradford method (Bradford 1976 ) with bovine serum albumin (Sigma-Aldrich) as the standard. For immunoblot analysis, protein concentration was determined using a Pierce 660 nm Protein Assay Kit with Ionic Detergent Compatibility Reagent (Thermo Scientific).
Protein enrichment and digestion for proteomic analysis
Proteins (150 mg) in lysis buffer were enriched and digested as described by Yin et al. (2016) . The supernatant was collected and peptides in a 4 ml sample were analyzed by nanoLC-MS/MS.
Mass spectrometry analysis
Peptide sample was separated using an Ultimate 3,000 nanoLC system (Dionex) and peptide ions were detected using a nanospray LTQ Orbitrap Discovery MS (Thermo Fisher Scientific) in the data-dependent acquisition mode with installed Xcalibur software (version 2.0.7; Thermo Fisher Scientific). The peptide sample was loaded onto a C18 PepMap trap column (300 mm ID Â 5 mm; Dionex) equilibrated with 0.1% formic acid and eluted with a linear acetonitrile gradient (8-30% over 150 min) in 0.1% formic acid at a flow rate of 200 nl min -. The eluted peptides were loaded and separated on a C18 capillary tip column (75 mm ID Â 120 mm; Nikkyo Technos) with a spray voltage of 1.5 kV. Full-scan mass spectra were acquired in the mass spectrometer over 400-1,500 m/z with a resolution of 30,000. A lock mass function was used to obtain high mass accuracy (Olsen et al. 2005) used. The top 10 most intense precursor ions were selected for collisioninduced fragmentation in linear ion trap at a normalized collision energy of 35%. Dynamic exclusion was employed within 90 s to prevent the repetitive selection of peptides (Zhang et al. 2009 ).
Protein identification of acquired mass spectrometry data
Proteins were identified using the Mascot search engine (version 2.5.1; Matrix Science) and Proteome Discoverer software (version 1.4.0.288; Thermo Fisher Scientific) against the Phytozome-Glycine max peptide database, which was constructed from the soybean genome database (Phytozome version 12.0, https://phytozome.jgi.doe.gov/) (Schmutz et al. 2010) . For Mascot searches, the following parameters were used: carbamidomethylation of cysteine was set as a fixed modification; oxidation of methionine was set as a variable Fig. 10 Integrated pathways mapped by the KEGG based on identified proteins affected by calcium in soybean exposed to flooding and drought. Pathways of glycolysis, fermentation, the tricarboxylic acid cycle and amino acid metabolism were integrated based on the responsive proteins. Each square and color indicates the log 2 ratio of a differentially changed protein. Green and red colors indicate log 2 ratio values of identified enzymes compared with untreated plants without stresses. Solid and dashed lines indicate single and multiple steps, respectively. Abbreviations: DAHP, 3-deoxy-D-arabino-heptulosonic acid 7-phosphate; PHDPA, 3-phosphohydroxypyruvic acid; meso-DAP, meso-2, 6-diaminopimelate; 2-hydroxyethyl-ThPP, 2-(a-hydroxyethyl) thiamine pyrophosphate; and 2-OG, 2-oxoglutarate.
modification; trypsin was used as a specific proteolytic enzyme; one missed cleavage was allowed; peptide mass tolerance was 10 p.p.m.; fragment mass tolerance was 0.8 Da; and peptide charges were set at +2, +3 and +4. The peptide cut-off score was 10 and the S/N threshold (FT-only) was 1.5 for peak filtration. An automatic decoy database search was performed as part of the search. Mascot Percolator was used to improve the accuracy and sensitivity of peptide identification (Brosch et al. 2009 ). For all searches, false discovery rates (false positive/(false postive + true positive)) for peptide identification were < 0.01. Peptides with a percolator ion score of > 13 (P < 0.05) were used for protein identification.
Differential analysis of protein abundance
The relative abundance of protein was compared between non-treated soybeans under control and other groups using the commercial label-free quantification package SIEVE software (version 2.2.49; Thermo Fisher Scientific). The chromatogram generated for non-treated soybeans under control conditions was used as reference. For the analysis, chromatographic peaks detected by MS were aligned and peptide peaks were detected as a frame on all parent ions scanned by MS/MS using 5 min of frame time width and 10 p.p.m. of frame m/z width. The frames with MS/MS scans were matched to the Mascot search results. The peptide ratios between the samples were determined from the variance-weighted average of the ratios in frames that matched the peptides in the MS/MS spectrum. The ratios of peptides were further integrated to determine the ratios of the corresponding proteins. Total ion current was used for normalization of differential analysis of protein abundance. The outliers of the ratio were deleted using the frame table filter based on frame area. The minimum requirement for protein identification was two matched peptides. Isoforms which held the same matched peptides, abundance, SD and Pvalue, were manually deleted. Significant changes of protein abundance were analyzed (P < 0.05).
Protein localization and function analyses
Protein localization was predicted using the SUBA3 intracellular targeting prediction program (http://suba3.plantenergy.uwa.edu.au/) (Tanz et al. 2013) . Functional categorization was performed using MapMan bin codes (Usadel et al. 2005) . Visualization of protein abundance was performed using MapMan software (version 3.6.0RC1) (Usadel et al. 2009 ). The software and mapping files of Gmax_109_peptide were downloaded from the MapMan website (http://mapman.gabipd.org/web/guest/mapman). Pathway mapping of identified proteins was performed using KEGG against Gmax (http://www. genome.jp/kegg/) (Kanehisa and Goto 2000) .
Cluster analysis of protein abundance
The heat map of identified proteins with chemical treatment under flooding and drought was analyzed with Genesis software (version 17.6, http://genome. tugraz.at) (Sturn et al. 2002) .
Enzyme activity analysis
Proteins in enzyme extraction buffer were used to examine the activity of pyruvate decarboxylase (Gounaris et al. 1971 ) with some modifications. The reaction solution contained 400 mM Tris-HCl (pH 6.0), 30 mM sodium pyruvate, 75 mM NADH and 3 U ml -1 alcohol dehydrogenase. The reaction was measured continuously for 5 min at 25 C at 340 nm (EC 340 = 6.22 mM -1 cm -1
) and enzyme activity was calculated using the formula: U mg -1 protein = [(ÁA 340 min -1 Â total volume Â sample dilution factor)/(6.22 Â sample volume)]/protein concentration.
Immunoblot analysis
Proteins (10 mg) in SDS-sample buffer were separated using 17% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane using a semi-dry transfer blotter. The blotted membrane was blocked overnight in buffer containing 137 mM NaCl, 20 mM Tris-HCl (pH 7.5), 0.1% Tween-20 and 3% gelatin. After blocking, the membrane was incubated with a 1 : 3,000 diluted anti-calnexin antibody (Nouri and Komatsu 2010) for 1 h, and washed three times with buffer containing 137 mM NaCl, 20 mM Tris-HCl (pH 7.5) and 0.1% Tween-20. The membrane was reacted with anti-rabbit IgG conjugated with horseradish peroxidase (Bio-Rad) as secondary antibody for 1 h. Signals were detected using a Chem-Lumi One Super kit (Nacalai Tesque) and visualized with a LAS-3,000 luminescent image analyzer (Fujifilm). The relative intensities of bands were calculated using ImageJ software (version 1.46). Coomassie brilliant blue staining was used as a loading control.
RNA extraction and quantitative reverse transcription-PCR analysis
A portion (0.1 g) of root tips was ground to powder in liquid nitrogen using a sterilized mortar and pestle. Total RNA was extracted using an RNeasy Plant Mini Kit (Qiagen), treated with DNase I (Qiagen) and then reverse transcribed to cDNA using iScript Reverse Transcription Supermix (Bio-Rad) according to the manufacturer's instructions. qRT-PCR was performed as described by X. . The qRT-PCR primers were designed using the Primer3Plus web interface (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus. cgi/) (Supplementary Table S1 ). The amplified fragments were separated by 2% agarose gel electrophoresis.
Statistical analysis
The Student's t-test was used for comparison between two groups and performed using GraphPad Prism 6 (version 6.03; GraphPad software). One-way analysis of variance (ANOVA) followed by Tukey's multiple comparison was used for comparison among multiple groups and conducted using SPSS (version 22.0; IBM). A P-value of < 0.05 was considered as statistically significant.
Fig. 11
Protein abundance and temporal enzyme activity of pyruvate decarboxylase in response to calcium in soybean under flooding and drought. Soybean seeds were germinated for 2 d without or with treatment with2-APB, LaCl 3 , EGTA or CaCl 2 , and the 2-day-old soybeans were exposed to flooding or drought for 1 d prior to the collection of root tips for the examination of pyruvate decarboxylase abundance (A). Two-day-old soybeans were exposed to flooding or drought for 1, 2, 3 and 4 d, root tips were collected, and pyruvate decarboxylase activity was analyzed (B). Data are shown as means ± SD from three independent biological replicates. Different letters indicate that the change is statistically significant as determined by one-way ANOVA according to Tukey's multiple comparison test (P < 0.05).
